Main results -03 (lagged one day) was significantly associated with an increase in daily admissions among all age groups, except the 0-14 group, and this effect was stronger in the "warm" season (AprilSeptember). In this season, the relative risks of admission associated with an increase in 8 hour 03 levels of 29 ppb (10th to 90th centile) were 1-0483 (95% CI 1P0246, 1.0726), 1-0294 (0.9930,1.0672), (1.0354,1-1163), and 1-0616 (1.0243,1.1003) for all ages and age groups 0-14, 15-64, and 65 + respectively. Very few significant associations were observed with the other pollutants, though these tended to be positive. Controlling for other pollutants made little difference to the 03 coefficients. 1987 -February 1992 (1796 days) (March 1992 was discarded because of an end of year deficit associated with data recording). Diagnosis is recorded at discharge and was available in 73%, 76%, 85%, 88%, and 95% of records for the years 1987/ 88-1991/92 respectively. Because coding of area of residence was incomplete in earlier years, the district of the hospital of treatment was used to define eligible admissions. Daily counts of respiratory admissions were constructed for all ages, 0-14, 15-64, and 65+ year age groups. Maximum and minimum temperature and relative humidity for 6.00 am and 3.00 pm were obtained from a station in central London (Holborn) and an estimate of daily average levels was obtained by averaging these two values. Details of the air pollution monitoring network may be found elsewhere.14 03 concentrations (8 hour from 9.00 am to 5.00 pm, and maximum 1 hour for each 24 hour period) were measured by the ultraviolet absorption technique at a single urban background monitor situated 5 m above ground level in a back street near Victoria Station in central London. This was the only one available for the whole period under consideration but levels correlated very highly (r>0 95) with monitors subsequently set up in inner London (Bloomsbury) and outer London (Bexley). NO2 concentrations (daily average and maximum 1 hour) were measured by the chemiluminescence technique at the same monitoring site at Victoria and at another in west London (Earl's Court) situated at 7m above ground level in a partly residential area bounded by major roads. The two were highly correlated and their average was used in the analysis. Daily average levels of BS (smoke stain method) and SO2 (acidimetric bubbler system) were obtained for the four monitors, with data for more than 75% of days. The broad approach adopted by the APHEA collaboration has been described previously.'3
Main results -03 (lagged one day) was significantly associated with an increase in daily admissions among all age groups, except the 0-14 group, and this effect was stronger in the "warm" season (AprilSeptember). In this season, the relative risks of admission associated with an increase in 8 hour 03 levels of 29 ppb (10th to 90th centile) were 1-0483 (95% CI 1P0246, 1 .0726), (0.9930,1.0672), (1.0354,1-1163), and 1-0616 (1.0243, 1.1003) for all ages and age groups 0-14, 15-64, and 65 + respectively. Very few significant associations were observed with the other pollutants, though these tended to be positive. Controlling for other pollutants made little difference to the 03 coefficients.
There was evidence ofa threshold at about 40-60 ppb O3 (maximum hourly or maximum 8 hour). Conclusions -03 levels in London have a small but significant effect on hospital admissions for respiratory disease at all ages. The possible role of aeroallergen as a confounding factor needs to be examined. Unlike other cities where similar effects have been reported, little or no effect of particulates was observed in London.
(J7 Epidemiol Comm Health 1996;50(Suppl 1):S63-S70)
Since the notorious London smog of 1952, which demonstrated beyond doubt that air pollution episodes may have severe health effects,' levels of particulates and sulphur dioxide (SO2) in London have fallen to historically low levels. The main sources of pollution have changed from coal burning to vehicle emissions, and the latter now account for an increasing share of emissions of particulates and oxides of nitrogen." Over the past 20 years, London has experienced episodes of both O3 and NO2 pollution; the highest maximum hourly concentrations reached were 212 ppb for 03 in 1976 and 423 ppb for NO2 in 1991.
Evidence about the short term effects of air pollution on health in London is currently confined to a number of analyses of daily mortality up to 1972.Y These relate to the period of SO2 and black smoke (BS) pollution from coal burning and are consistent in finding that short term health effects were occurring at that time, though not consistent about the relative roles of BS, SO2 and acid aerosols.7
Evidence from other countries, especially the USA, has led to concern that current levels of particulate pollution in Britain, while low by historical standards, may still be associated with short term health effects,8-'0 and this is supported by a recent study of hospital admissions in Birmingham." The 1991 episode of NO, and particulate air pollution in London was associated with an increase in mortality and hospital admissions consistent with effects predicted from time series studies ofparticulate pollution from other countries. "2 There is an urgent need to establish whether current forms of air pollution in London are having adverse short term health effects and in this paper we present the results of an analysis of daily hospital admissions for respiratory disease in relation to age for the period between 1987-88 and 1991-92. This work is part of the European collaborative APHEA project (air pollution and health, a European approach).'3
Methods
Greater London lies at a latitude of 520 N and enjoys a temperate maritime climate. Average rainfall is 612 mm and average temperatures in January and July are 5-5 and 18-10C respectively. London occupies a roughly circular area in the Thames basin with a radius of about 45km and an area of 1600km2. At the 1991 census, the population covered by London health authorities was 7-3 million. The dominant source of pollution is motor vehicles with contributions from power generation and industry in some areas.
Records of emergency admissions for respiratory diagnoses (ICD 460-519) to hospitals in the London health districts were obtained from the Hospital Episode System for England for the five year period April 1987-February 1992 (1796 days) (March 1992 was discarded because of an end of year deficit associated with data recording). Diagnosis is recorded at discharge and was available in 73%, 76%, 85%, 88%, and 95% of records for the years 1987/ 88-1991/92 respectively. Because coding of area of residence was incomplete in earlier years, the district of the hospital of treatment was used to define eligible admissions. Daily counts of respiratory admissions were constructed for all ages, 0-14, 15-64, and 65+ year age groups. Maximum and minimum temperature and relative humidity for 6.00 am and 3.00 pm were obtained from a station in central London (Holborn) and an estimate of daily average levels was obtained by averaging these two values. Details of the air pollution monitoring network may be found elsewhere.14 03 concentrations (8 hour from 9.00 am to 5.00 pm, and maximum 1 hour for each 24 hour period) were measured by the ultraviolet absorption technique at a single urban background monitor situated 5 m above ground level in a back street near Victoria Station in central London. This was the only one available for the whole period under consideration but levels correlated very highly (r>0 95) with monitors subsequently set up in inner London (Bloomsbury) and outer London (Bexley). NO2 concentrations (daily average and maximum 1 hour) were measured by the chemiluminescence technique at the same monitoring site at Victoria and at another in west London (Earl's Court) situated at 7m above ground level in a partly residential area bounded by major roads. The two were highly correlated and their average was used in the analysis. Daily average levels of BS (smoke stain method) and SO2 (acidimetric bubbler system) were obtained for the four monitors, with data for more than 75% of days. These were: London City ( The broad approach adopted by the APHEA collaboration has been described previously. '3 The statistical analysis followed that proposed by Zeger,'6 which has been applied to examine the effects of air pollution on mortality'7-'9 and of temperature on sudden infant death syndrome.20 Under this approach, the most important assumption is that, conditional on a latent stochastic process, daily counts of hospital admissions follow a log linear model with given mean and variance structures. In particular, we assume the conditional distribution of the daily counts to be Poisson.
The outcome variable was smoothed by controlling for long term trends and seasonal fluctuations which might cause confounding. These and other adjustments were made through multiple linear regression with the outcome variable being log transformed so as to mirror the scale of a log linear model. The long term trend was adjusted for by fitting a second order polynomial for each calendar year. To adjust for seasonal and other cyclical fluctuations, sine and cosine waves were fitted. The periodicity of the cycles employed varied from 20 days to 2 years. These two procedures performed well as judged by standard diagnostic methods such as periodograms and residual plots.
Other calendar features which were related to daily levels of respiratory admissions were day of the week and bank holidays (seven per year). These effects were modelled using six "dummy" variables for day of the week, the baseline being Sunday, and one dummy variable for all bank holidays.
After deseasonalisation, detrending, and calendar corrections, the residuals were used to investigate meteorological effects. Cross correlation functions between residuals and temperature and humidity were used to identify at which lag the effect, if any, is strongest. Also, dose response curves, for the main lags, were examined in order to choose the transformations which gave the best model fit.
The potentially confounding effect of the 1989-90 influenza epidemic was corrected by a dummy variable corresponding to a period of six weeks, this being the duration suggested by inspection of hospital admissions for influenza (ICD 487 Before including air pollution indicators in the model, fully adjusted residuals (without correction for autocorrelation) were plotted against different lags of the untransformed air pollutants using modified scatterplots (bubble plots). This procedure provided an approximation for the exposure-response curves, and was used to choose both the lag and transformation, if any, of the air pollutant indicator.
Air pollution levels on the same day and lagged by 1 and 2 days were investigated. Also, the cumulative effect of each air pollutant was examined, by averaging its levels on the same day (lag 0) and lagged up to 3 days. Then, lagged and transformed air pollutant indicators were fitted separately to avoid problems of interpretation associated with multicollinearity. The effects of each air pollutant indicator were examined separately for "warm" (AprilSeptember) and "cool" (October-March) seasons, by creating a further dummy variable.
Where a pollutant was found to have a significant effect and where there was a correlation between this pollutant and another, the effect of putting the second pollutant into the model was examined. All ages shown in figure 1 . Trend, seasonality, and a peak at the end of 1989 are noticeable features in all series. The results to be presented all relate to log linear models with autoregressive Poisson errors. The size and significance of effects due to the main confounders are illustrated in table 2 using relative risk estimates and related 95% confidence intervals. The figures in table 2 have been obtained from the full models, excluding air pollution. When air pollution indicators are entered in the model, these estimates, especially those for meteorology, will change according to the specific levels of collinearity. Nevertheless, both the direction and size of these effects remained fairly similar in those models considered.
Meteorological effects are statistically significant (p<0 05) in all groups except that of 15-64 year olds. The influenza epidemic of 1989-90 affected adults and the elderly similarly, but the largest effect was observed in children. These effects are probably underestimated since the true effects could have been partially removed in the process of deseasonalising the time series. The periods selected in the search for these effects, as explained in section 3, were 18/11/89 to 29/ 12/89, 6/11/89 to 17/12/89, and 28/11/89 to 8/ 1/90, respectively for the age groups 0-14, 15-64, and 65 +. For all ages, it was the same period as for the elderly. Day of week and holiday effects showed similar patterns in all groups, but with less day of the week variation among children than among the elderly, whose admissions tend to be much less frequent on weekends. As expected, Mondays showed the largest positive relative risk in all groups, 1-1398,1-1872 whereas bank holidays showed the largest deficit in admissions. Figure 2 shows the exposure-response relationship between adjusted residuals for all age admissions and the six air pollution indicators, each lagged as appropriate. For both 03 indicators, the shape of the curve suggests a nonlinear relationship. As most low 03 days occur in the cool season and are not associated with large adjusted residuals, the model regarding warm season effects should provide a better estimate for the effect of this pollutant. There is an indication of a threshold at 40-50 ppb and 50-60 ppb, for maximum 8 hour and maximum 1 hour average 03 concentrations respectively. In comparison, the scatterplots for NO2 show an inconsistent exposure-response relationship, apart from a slight positive relationship that emerges for the daily average. Similarly, the exposure-response relationship of adjusted residuals and BS is inconclusive. Finally, for SO2, a weak relationship at levels greater than 60 1ig/m3 is revealed. Scatterplots for the other three age groups and the same air pollution indicators were also examined, and found to be similar (not shown).
The
Results for 1 hour 03 and 1 hour NO2 are not shown (available from authors). In each cell in these tables, the lag, relative risk, and 95% confidence interval are presented. Relative risks were calculated for the range resulting from the difference between the 90th and the 10th centiles of the specific air pollutant frequency distribution.
The most consistent association with respiratory admissions was with O3. The greatest effect was observed among adults aged 15-64, followed by the elderly and, finally, children. As might be expected, the warm season effects of 03 are much larger than those for the cool season. With few exceptions, the relative risks for 8 hour average 03 were greater than those for the maximum 1 hour average (not shown). Table 3 Relative risks and 95% confidence intervals for increases in ozone (09_ (8 hour average) and nitrogen dioxide (NO2) (24 hour average) from 1Oth to the 90th centile for respiratory hospital admissions for all ages and 0-14, 15-64, and 65+ age groups. Whole year and seasons are given separately. Results Table 6 Poisson regression coefficients for single pollutant models and two pollutant models (table 5) , the health effects of these two pollutants might be confounded, a hypothesis that will be examined later in this section. In addition, the daily average NO2 value is significantly associated (p<005) with all age respiratory admissions even though children and adults seemed to be unaffected. Clearly, the association found with the elderly is contributing to this effect. Finally, a negative association between the maximum 1 hour NO2 (lag 1) and children's admissions in the cool season was obtained (not shown).
For BS and SO2, statistical significance (p<005) was found in only three instances, BS lagged 1 day for children over the whole year (negative association), S02 lagged 1 day for children in the warm season (positive association), and SO2 lagged 1 day for adults aged 15-64 in the cool season (positive association). The negative association might be explained by the negative correlation between BS and 03, a hypothesis investigated later in this section. Table 5 shows the correlation coefficients between pairs of air pollutant indicators and meteorological variables for the whole year and the warm and cool seasons. Here, some important relationships emerge. For example, there are also strong positive associations between temperature and 03 in the three periods as well as between any two of NO2, BS, and S02, in the three periods considered. 03 and NO2 have a mixed association -that is, positive in the warm season and negative in the cool season, cancelling out in the whole period.
Furthermore, 03 and BS, and 03 and SO2, are negatively associated in the cool season as well as for the whole year.
The 03 indicators were not strongly correlated with the other air pollutant indicators in the whole year, which makes the implementation of models including two pollutants (one being 03) appropriate. Models for all age admissions comprising confounders, the 038 hour average, and one other air pollutant are summarised in table 6 . All the air pollutants were lagged (single lags only) as in tables 3 and 4. Remarkably, the inclusion of a second air pollutant in the model together with the 8 hour 03
hardly affects the magnitude and precision of the estimated 03 effect. However, the estimated effect for the second pollutant is increased over that from the corresponding single pollutant model. On the other hand, the significance levels of these effects are similar in both the single pollutant and two pollutant models. Also, it should be noted that the effects of BS in the single pollutant model changes sign from negative to positive when 03 is included. This is probably explained by negative confounding by 03.
Discussion
The most consistent association with respiratory disease hospital admissions was observed with 03. The strongest effect was observed in the warmer part of the year and there was evidence that effects become evident above 50 ppb for the 8 hour 03 level and above 50-60 ppb for the maximum 1 The exposure response relationship is important for control policy and prevention. We observed that admissions did not increase until the 8 hour 03 average was above 50 ppb; above this there was a linear relationship. The WHO health guideline for 8 hour average 03 iS 50-60 ppb, and the EC health protection threshold is 55 ppb. Recently, the Expert Panel on Air Quality Standards recommended a level of 50 ppb.32 It seems that these recommendations fit closely with the observed threshold but it needs to be appreciated that the levels in central London are likely to be lower than those affecting the suburbs. Nevertheless, our findings suggest that there is little or no safety margin in a 50 ppb standard.
